Ullrich/Pirchl/Humpel Pharmacology 2010;86:15-21 16 evated in AD patients [6] . Besides, longitudinal studies have suggested a relationship between elevated midlife cholesterol levels and late-life cognitive impairment in AD [9] and there are indications that cholesterol may have positive protective effects in late life [7] .
Cholesterol is an essential component of membranes, but cannot pass the blood-brain barrier [10] [11] [12] , thus all cholesterol in the brain is thought to result from de novo synthesis. The function of cholesterol comprises the determination of the biophysical properties of membranes and the regulation of membrane-resident proteins [10] . The rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase modulates the cholesterol metabolism [12] [13] [14] [15] . Cholesterol is metabolized to different oxysterols, such as 24S-OH Chol or 25-hydroxycholesterol (25-OH Chol) [16] [17] [18] [19] [20] [21] [22] . The conversion of cholesterol into its oxysterol 24S-OH Chol is important, because 24S-OH Chol can pass the blood-brain barrier and is able to enter the bloodstream [23, 24] . The oxysterol 25-OH Chol inhibits cholesterol synthesis and has cytotoxic effects on different cell lines, e.g. thymocytes or PC12 cells [25] [26] [27] .
The aim of the present study was to explore the effects of cholesterol and its oxysterols 24S-OH Chol and 25-OH Chol on the expression of choline acetyltransferase (ChAT) in cholinergic neurons of the nBM in organotypic brain slices. This enzyme is of importance, because it synthesizes the neurotransmitter acetylcholine from choline and coenzyme A. Our data show that cholesterol and 24S-OH Chol delayed down-regulation of ChAT in axotomized brain slices, while 25-OH Chol induced a rapid decline of ChAT in 2-week-old brain slices.
Material and Methods

Organotypic Brain Slice Cultures
Organotypic brain slice cultures were established as described by us in detail [28] [29] [30] . Briefly, the nBM of postnatal day 7-9 Sprague-Dawley rats was dissected under aseptic conditions, 400-m slices were cut with a tissue chopper (McIlwain, USA), and the slices were placed on a 30-mm diameter Millicell-CM 0.4-m membrane insert (Millipore, Austria), where they became attached to the membrane. It is important to note that the ipsilateral as well as contralateral brain areas were dissected at the same time, cut on the tissue chopper and all slices pooled in medium. Slices were cultured in six-well plates (Greiner) at 37 ° C and 5% CO 2 with 1.2 ml/well of the following culture medium: 50% MEM/HEPES (Gibco), 25% heat-inactivated horse serum (Gibco/ Lifetech, Austria), 25% Hanks' solution (Gibco), 2 mmol/l NaH-CO 3 (Merck, Austria), 6.5 mg/ml glucose (Merck, Germany), 2 mmol/l glutamine (Merck, Germany), pH 7.2. Medium was changed twice a week. In order to test the effects of cholesterol and its oxysterols two assays were performed: Assay 1: Fresh slices were incubated with or without 10 ng/ml nerve growth factor (NGF) or with 0.02-2 g/ml cholesterol or 24S-OH Chol or 25-OH Chol for up to 12 weeks.
Assay 2: Slices were incubated for 2 weeks with 10 ng/ml NGF, then for 3 days without (withdrawal) and then with or without 25-OH Chol or with NGF for up to 2 weeks.
At the end of the experiment, slices were fixed for 3 h at 4 ° C in 4% paraformaldehyde/10 mmol/l phosphate-buffered saline (PBS) and then stored at 4 ° C in PBS until use. All experiments conformed to Austrian guidelines on the ethical use of animals and all efforts were made to minimize the number of animals used and their suffering. NGF, cholesterol and 25-OH Chol were purchased from Sigma, 24S-OH Chol from Medical Isotopes (USA). The solubility was 2 g/ml in culture medium and the solutions were agitated until all substances were dissolved.
Immunohistochemistry
Immunohistochemistry was performed as previously described [29] . All incubations were performed free floating for 2 days including 0.1% Triton, such that the antibodies can penetrate from both sides of the slices. Slices were washed for 30 min with 0.1% Triton-PBS at room temperature and pretreated for 20 min with 20% methanol/1% H 2 O 2 /PBS. After thorough rinsing, the slices were blocked with 20% horse serum/0.2% bovine serum albumin/Triton-PBS and then incubated for 2 days at 4 ° C with primary antibodies against ChAT (1: 750; Millipore). Then the slices were washed again with PBS and incubated with secondary biotinylated anti-goat antibody for 1 h at room temperature. Following further washing steps with PBS, slices were incubated in an avidin-biotin complex solution (ABC-Elite Vectastain reagent Vector Laboratories) for 1 h. After being washed with 50 mmol/l Tris-buffered saline, the signal was detected by using 0.5 mg/ml 3,3 -diaminobenzidine including 0.003% H 2 O 2 as a substrate in Tris-buffered saline. The slices were mounted on glass slides, air-dried and coverslipped with Entellan (Merck, Germany). Unspecific staining was defined by omitting the primary antibody.
Analysis, Quantification and Statistics
The number of microscopically detectable ChAT-positive neurons was counted in the whole slice visualized under a 20 ! objective. Quantitative data are presented as mean values 8 SEM. Multistatistical analysis was obtained by using one-way ANOVA, followed by a Fisher PLSD post hoc test by comparing controls against respective treatment, where p ! 0.05 represents statistical significance.
Results
ChAT-Positive Neurons
Cholinergic neurons in organotypic brain slices of the nBM were strongly stained by immunohistochemistry for the key enzyme ChAT ( fig. 1 ). When slices were incubated in medium without NGF, only 24 8 2 ChAT-positive neurons were visible, which were small in size and with few dendritic networks ( fig. 1 A, D) . However, when slices were incubated for 2 weeks with 10 ng/ml NGF the number of ChAT-positive neurons was markedly increased to 140 8 8 neurons per slice ( fig. 1 B, E) . The number of ChAT-positive neurons decreased with time, displayed 84 8 6 neurons/slice after 56 days and 54 8 10 neurons/slice after 84 days when incubated with NGF ( fig. 2 ) . Slices incubated without NGF displayed a low number of neurons up to 84 days ( fig. 2 ) .
Effects of Cholesterol and Oxysterols on ChAT (Assay 1)
When slices were cultured with 2 g/ml cholesterol for 2 weeks, the number of ChAT-positive neurons was significantly enhanced, compared to slices cultured without NGF ( fig. 1 C, F, fig. 2 A) . This effect was dose-dependent and not seen with 0.02 g/ml and 0.2 g/ml cholesterol ( fig. 2 A) . The cholesterol effect was time-dependent, displayed a maximal effect after 2 weeks, but not when given for longer time periods ( fig. 2 B) . When slices were incubated for 2 weeks with 2 g/ml 24S-OH Chol a positive effect on the number of ChAT-positive neurons was found ( fig. 2 C) . Again this effect was dose-dependent and not seen with 0.2 and 0.02 g/ml 24S-OH Chol ( fig. 2 C) . The effect of 24S-OH Chol exhibited time dependence with a positive effect after 2 weeks but not after 55 days in culture ( fig. 2 D) . No effect of 25-OH Chol was seen (data not shown).
Effects of 25-OH Chol on ChAT (Assay 2)
In order to test the effect of 25-OH Chol on cholinergic neurons, brain slices were cultured for 2 weeks with NGF and 3 days without NGF (withdrawal) and then exposed to 25-OH Chol and compared to slices incubated with or without NGF. When 2-week-old brain slices were incubated with 2 or 0.2 g/ml but not 0.02 g/ml 25-OH Chol the number of ChAT-positive neurons was significantly reduced ( fig. 3 A) . The effect was already seen after 4 days and was not reversible after 10 and 14 days ( fig. 3 B) . When 2-week-old slices were incubated with cholesterol or 24S-OH Chol, no effects were seen (data not shown).
Discussion
Our present study shows for the first time that cholesterol or 24S-OH Chol delays expression of ChAT-positive cholinergic nBM neurons, while 25-OH Chol rapidly decreased ChAT in cholinergic neurons.
The organotypic brain slice model retains many of the features of the intact brain, since it is able to maintain the survival of different cell types, the cytoarchitecture of the tissue, the connections between cells and neuronal properties [31] . In slices, individual cells are in close contact and do not lose density-dependent regulatory mechanisms, three-dimensional architecture as well as tissuespecific transport and diffusion probabilities. Thus, slice cultures provide an easily accessible experimental model for studies of toxic, degenerative and developmental changes in the brain [32] . The organotypic brain slice model has been introduced by Gähwiler and Hefti [33] and Gähwiler et al. [34] , modified by Stoppini et al. [35] and is well established in our research group [29, 30, 36, 37] . In the present study, we used single brain slices of the nBM, which are derived from early postnatal day 7-9 rat brains. Cholinergic neurons are labeled by the key enzyme ChAT, which is determined by immunohistochemistry. It is well known that NGF supports the cholinergic phenotype. Although the number of ChAT-positive expression directly correlates with survival of cholinergic neurons, we do not claim that cell death occurs, which needs to be proven by further co-localization studies of ChAT with cell death markers. Cholesterol has a crucial role in the development and maintenance of neuronal plasticity and function and is involved in the biophysical properties of membranes and biogenesis of synapses [6, 10] . Our data suggest that administration of cholesterol to organotypic brain slices of nearly 1-week-old rat brains delays the down-regulation of ChAT expression. The mechanism by which cholesterol exerts its positive effect on cholinergic neurons is unknown. However, since our nBM slice model is an axotomized in vitro system, it seems likely that cholesterol may support myelination or synaptogenesis of remaining neurons during the first 2 weeks. It is fully clear that cholesterol is not a 'classic' neuroprotective factor because it is not as potent as NGF. Alternatively, the positive effect of cholesterol could be mediated by influencing many G-protein-coupled receptors or enzymes in the plasma membrane [38] .
Similarly as cholesterol, brain slices incubated with 24S-OH Chol delayed the down-regulation of ChAT in brain slices. The oxysterol 24S-OH Chol plays an important role in the regulation of cholesterol homeostasis, as it is the major metabolic product, which can pass the blood-brain barrier. Since 24S-OH Chol was as potent as cholesterol to delay down-regulation of ChAT, we suggest that the effect of 24S-OH Chol is linked to cholesterol and AD. The mechanism of 24S-OH Chol is unknown, but it has been shown that 24S-OH Chol is the most potent ligand for the transcription factor LXR, which up-regulates the expression of cholesterol transporters ABCA1 [41] . Thus, the 24S-OH Chol effect might induce cholesterol release from astrocytes [42] , which then might directly support myelination or synaptogenesis. In contrast, Kölsch et al. [43] reported a pro-apoptotic effect of 24S-OH Chol on a neuroblastoma cell line and we cannot exclude that 24S-OH Chol may be involved in apoptosis of certain central nervous system cells.
The oxysterol 25-OH Chol, the second oxysterol used in our study, causes toxicity on different cell lines, e.g. in PC12 cells, thymocytes or in oligodendrocyte cell line (158N) [25, 26, 44] , and is the most potent suppressor of sterol synthesis [27] . Our present study shows that 25-OH Chol directly and rapidly induced down-regulation of ChAT in nBM cholinergic neurons. The effect of 25-OH Chol could be mediated by the stimulation of inflammation or cellular reactive oxygen species accumulation, e.g. O 2 ؒ overproduction [22, 45, 46] . Alternatively, 25-OH Chol has been reported to regulate the expression of various inflammatory factors, such as cytokines, chemokines and adhesion molecules e.g. interleukin-8, interleukin-1 ␤ or macrophage inflammatory protein-1 ␤ [22, 47] . Moreover, 25-OH Chol can cause alterations of the cytoskeletal organization, since it causes progressive disruption of actin filaments or loss of the actin-binding protein vinculin [22] . And additionally, 25-OH Chol has been shown to stimulate apolipoprotein E4 synthesis in human astrocytoma cells [48] , which is linked to the pathology of AD.
Taken together we have shown that cholesterol or 24S-OH Chol treatments delay the down-regulation of ChAT in nBM brain slices. In contrast 25-OH Chol rapidly reduced the expression of ChAT. A differential regulation of the cholesterol metabolism may play a role in the regulation of ChAT in nBM cholinergic neurons and possibly in AD.
